In optogenetics, researchers use light and genetically encoded photoreceptors to 17 control biological processes with unmatched precision. However, outside of 18 neuroscience, the impact of optogenetics has been limited by a lack of user-friendly, 19 flexible, accessible hardware. Here, we engineer the Light Plate Apparatus (LPA), a 20 device that can deliver two independent 310 to 1550 nm light signals to each well of a 24-21 well plate with intensity control over three orders of magnitude and millisecond resolution. 22 Signals are programmed using an intuitive web tool named Iris. All components can be 23 purchased for under $400 and the device can be assembled and calibrated by a non-24 expert in one day. We use the LPA to precisely control gene expression from blue, green, 25 and red light responsive optogenetic tools in bacteria, yeast, and mammalian cells and 26 simplify the entrainment of cyanobacterial circadian rhythm. The LPA dramatically 27 reduces the entry barrier to optogenetics and photobiology experiments. 28 29 30 48
cyanobacteria 12 , yeast 13, 14 , mammalian cells [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , fruit flies 25 , zebrafish 21, 26 and plants 27 . run in each well can be randomized (Supplementary Note 4) to mitigate any well-to-well 139 variability. We have provided videos demonstrating Iris light signal programming in all 3 140 modes (Supplementary Videos 3-5). 141 Light programs can be viewed and debugged at the plate (Fig. 2a, right) or 142 individual well (Fig. 2b, right ) levels using the Simulation Panel. When the program is 143 satisfactory, the download button ( Fig. 2a,b) is pressed. Iris then generates i) a device-144 readable binary file (.lpf, Supplementary Table 8 ) used to run the LPA, ii) a session file 145 for reloading a program into Iris at a later time, and iii) a CSV file containing user-readable 146 well randomization information in a zip folder. The .lpf is then transferred to an SD card, 147 which is inserted into the LPA, and the Reset Button (Supplementary Fig. 1a ) is pressed 148 to run the light program. Included Python scripts can be used to automate .lpf design 149 ( Supplementary Information, Supplementary Note 5) , increasing throughput. 150 151 LPA calibration 152 We have developed a simple method utilizing a gel imager and MATLAB script to 153 calibrate the outputs of multiple LPA LEDs of one spectrum to one another 154 ( Supplementary Information, Supplementary Procedure 8) . To calibrate absolute 155 outputs, or the outputs of LEDs with different spectra, we have developed a method 156 combining a probe spectrophotometer and 3D printed adapter that fits the LPA wells 157 (Supplementary Figs. 6b, 20 and Supplementary Procedure 8) . Using either method, 158 outputs are adjusted by loading two manually generated text files specifying the grayscale 159 and dot correction values for each LED (Supplementary Procedure 8 , examples in Supplementary Information) on to the SD card before running an experiment. 161 Calibration typically reduces LEDs output variability to <1% (Supplementary Fig. 21) . 162 163 Benchmarking the LPA with E. coli CcaS-CcaR. 164 CcaS-CcaR is a green light activated, red de-activated two component system 165 (TCS) that we previously engineered to control gene expression in E. coli (Fig. 3a) 8 We aimed to benchmark the LPA by repeating these CcaS-CcaR experiments.
172
First, we measured the steady state response to green light intensity by outfitting the 173 bottom positions of an LPA with 533 nm (green) LEDs and programming them to emit 174 between 0.00 and 20.10 μmol m -2 s -1 photons. We grew our previous strain in a shaking 175 LPA under these conditions and measured sfGFP output using flow cytometry (Methods). 176 We observed that sfGFP increases sigmoidally with green intensity with a 5.3-fold 177 dynamic range and Hill parameter (nH) = 2.6 ( Fig. 3b) , tightly consistent with LTA 178 measurements. The intensity resulting in half maximal output (k1/2) is 0.22 μmol m -2 s -1 , 179 4.8-fold greater than the LTA value. This discrepancy is likely due to the shorter length 180 between LED and sample and small probe size. Because LED emission is conical ( Fig.   181 1c), this length difference concentrates photons on the probe, artificially elevating 182 measured intensity values. This discrepancy could be eliminated using improved probe 183 designs.
184
Next, we benchmarked the effect of red light by outfitting the top and bottom 185 positions with 533 and 678 nm (red) LEDs and re-measured the green light response in 186 the presence of 2.00 -12.00 μmol m -2 s -1 red photons. We observed that dynamic range 187 and nH remain unchanged while k1/2 increases by 0.11 μmol m -2 s -1 per 1.00 μmol m -2 s -1 188 red light ( Fig. 3b and Supplementary Table 9 ), consistent with our previous data.
189
Finally, we used the LPA to characterize the kinetic response of CcaS-CcaR to 190 step changes in green intensity. We observed a 4.5 min delay, an 11 min transcription 191 rate switching time, and sfGFP switching dynamics set by the cell division time ( Fig. 3c) , 192 equivalent to LTA results. We used these data to re-calibrate the parameters of our model 193 to the LPA conditions (Methods and Supplementary Table 10 ). Finally, we successfully 194 used the model to program sfGFP expression to follow a challenging waveform 195 comprising linear ramps, a hold, and a sine wave with high predictability (Fig. 3d) . We 196 conclude that the LPA meets the same performance standards at the LTA.
197
Characterizing CcaS-CcaR forward and reverse action spectra.
198
The action spectrum is the relationship between input wavelength and output 199 activity. While all optogenetic tools have forward (ground state) action spectra (FAS), 200 photoreversible tools also have reverse (activated state) action spectra (RAS). 201 We next aimed to demonstrate that the LPA can be used to characterize the FAS 202 and RAS of optogenetic tools using CcaS-CcaR as a model. To this end, we outfitted the 203 bottom position of a device with LEDs of output wavelength between 364 and 947 nm 204 ( Fig. 1d and Supplementary Table 5 ) and programmed each to emit 0.40 µmol m -2 s -1 , 205 or 2*k1/2 for the 533 nm LED (Fig. 3b) . We then measured the steady state response of 206 CcaS-CcaR to each input as before. This experiment reveals a maximal activating 207 wavelength of 533 nm and >50% maximal activation between 533 and 571 nm ( Fig. 4) . 208 We previously generated a course-grained map of the CcaS-CcaR FAS using six CcaS-CcaR has approximately 10-fold greater sensitivity to green than red light (Fig. 3b) . 216 Consistent with in vitro absorbance measurements of activated CcaS 53 , exposure of our 217 CcaS-CcaR expressing strain to these inputs reveals maximal deactivation by the 678 218 nm LED ( Fig. 4) . To our knowledge, this is the first measurement of the RAS of an 219 optogenetic tool.
220
Characterizing the S. cerevisiae CRY2-CIB1 yeast two hybrid system.
221
Tucker and coworkers previously engineered a blue light activated S. cerevisiae 222 promoter system by fusing Cryptochrome 2 (CRY2) to the Gal4 DNA binding domain 223 (DBD) and the interaction domain of its blue-light dependent heterodimerizing partner 224 CIB1 to the Gal4 activation domain in a yeast two-hybrid (Y2H) system 13 ( Fig. 5a) . 225 To demonstrate compatibility of the LPA with yeast, we characterized the CRY2- LEDs, and programmed them to emit intensities between 0.26 and 1057.00 μmol m -2 s -1 . 228 We grew yeast expressing CRY2-CIB1 Y2H with an mCherry output in a shaking LPA 229 under these conditions for 18 or 24 h and measured output using flow cytometry 230 (Methods). Between 0.26 and 93.50 μmol m -2 s -1 , mCherry increases in a Hill-like manner 231 with 5.6-fold dynamic range, nH of 1.3 and k1/2 of 10.74 μmol m -2 s -1 (Fig. 5b) , consistent 232 with previous reports 13, 26, 54 . Though mCherry increases slightly at higher intensities, we 233 observe growth defects, likely due to heating or phototoxicity ( Supplementary Fig. 22 ). 234 To characterize CRY2-CIB1 Y2H dynamics, we performed a step increase and 235 decrease in blue light and measured the mCherry response over time (Methods). We 236 observe a delay followed by an exponential increase (step-on) or decrease (step-off) in 237 mCherry to a final steady state ( Fig. 5c) . By fitting the data to a first order ODE model 238 with a delay (Methods), we quantify the delay to be 75.13 min, and the time to reach 50% 239 of the final mCherry level to be 222 min ( Supplementary Table 11 ). The slower dynamics (Fig. 5d) . We conclude that the LPA is compatible with yeast optogenetic tools. Spatial control of mammalian cell gene expression with PHYB/VNP-PIF6. 252 We recently modified the surface of viral nanoparticles (VNPs) with Phytochrome 253 Interacting Factor 6 (VNP-PIF6) to bind a heterologously expressed nuclear localization 254 sequence tagged Phytochrome B (PHYB-NLS) and deliver a transgene to the mammalian 255 cell nucleus in a red light activated, far-red deactivated manner 56 (Fig. 6a) . Using an early 256 LPA prototype, we tuned delivery of gfp to HeLa cells from 35 to 600% that of wild-type 257 virus. Using custom photomasks, we also patterned GFP expression within different 
263
To validate compatibility with mammalian cells and extend our previous results, we 264 outfitted the top and bottom positions of an LPA with 647 (red) and 735 nm (far red) LEDs 265 and replaced the plate adapter gasket (Supplementary Fig. 17a ) with a laser-cut black 266 nitrile photomask (Supplementary Fig. 17b ). We preconditioned HeLa cells in 6 wells of 267 1 plate with 2.00 μmol m -2 s -1 far red light for 30 min and then reduced it to 1.00 μmol m -268 2 s -1 while introducing variable red light between 0.25 and 4 μmol m -2 s -1 for 1 h. We 269 allowed GFP to accumulate during a 48 h dark incubation and then imaged the resulting 270 expression patterns by fluorescence microscopy (Methods). As expected, GFP 271 expression increases with red intensity (Fig. 6b) . Additionally, the contrast ratio (GFP 272 intensity in exposed divided by that in non-exposed regions) reaches an optimal value of 16.6, near the maximum dynamic range of the system, at an intermediate red:far red ratio 274 of 2.5 (Fig. 6c) .
276
Using the LPA to entrain the cyanobacterial circadian clock.
277
The cyanobacterium Synechococcus elongatus PCC7942 is a model for studying photosynthetic active radiation spectrum typical of grow lights. We programmed 6 287 different signals across the devices wherein cells were exposed to 3 cycles starting at 288 different times. Luminescence from a commonly used reporter system 60,61 wherein 289 luciferase substrate is produced from the "dusk-peaking" promoter psbAI and luciferase 290 from the "dawn-peaking" promoter kaiBC was then measured (Fig. 7a) . As expected, the 291 oscillations of cultures that were entrained starting at different times showed different 292 phases (Fig. 7b) . The order of peaks in luminescence was also as expected, with the 293 cultures entrained starting at 0 h (red) peaking before cultures entrained starting at 4 h 294 (orange), 8 h (yellow), 12 h (green), 16 h (blue) and 20 h (purple) (Fig. 7b,c) . However, 295 the position of the peaks exhibits some dispersion, potentially due to heating of the LPA 296 or the transition of cultures from the LPA to the plate reader. handling. Finally, our MATLAB script simplifies calibration for experiments where the 320 same LED is used in multiple wells.
321
The LPA is more economical than comparable devices. The 24-well plate costs 322 $7.70 and can be reused dozens of times, lowering per sample cost to <$0.01.
323
Furthermore, the $400 component cost drops to $150 with access to a 3D printer. These 324 low costs make the LPA practical for large scale experiments (Supplementary Fig. 23) . 325 The action spectra of optogenetic tools are seldom measured due to the lack of Despite early efforts 62,63 , there is little data directly comparing the performance 331 features of optogenetic tools. Accordingly, researchers may have difficulty selecting the 332 best tool for a given experiment. On the other hand, the LPA can be used to directly 333 compare optogenetic tools, including those in different organisms. For example, in this 334 study we found that CRY2/CIB1 Y2H is 50 times less sensitive to light than CcaS-CcaR 335 (compare k1/2 in Figs. 3b, 5b) . Using the basic protocols established here, the LPA could To make frozen starter aliquots, a 3 mL LB + 50 µg/mL kanamycin, 100 µg/mL 381 spectinomycin and 34 µg/mL chloramphenicol culture was inoculated from a -80°C stock 382 and grown (37°C, 250 rpm) to OD600 < 0.3. 30% glycerol was added, absorbance 383 measured, and 50μL aliquots made and stored at -80°C. For experiments, M9 + 384 antibiotics was inoculated with a starter aliquot, to OD600 = 0.00015. 500 μL starter culture 385 was added to each well of the 24-well plate and the plate was sealed with adhesive foil.
386
The plate was placed into the LPA and the assembly mounted on a shaker/incubator at 387 37°C, 250 rpm for 8 h. The plate was then removed and chilled in an ice-water bath. Cells 388 were chilled for ≥ 15 min and the foil removed. 200 μL from each well was transferred to 389 flow cytometry tubes containing 1 mL PBS, and cells were treated with rifampicin as 390 before 47 . value, which is determined by the preconditioning set-point, .
425
The solution to this ODE has the following piece-wise form: where mCherry remains at its initial value, 0 , for ≤ , and exponentially 430 increases or decreases with rate constant for ≥ . culture was included in the analysis.
457
The best fits for the expected phases were calculated by minimizing the root mean PhyB(908)-NLS were treated with 15μM PCB and VNP-PIF6 (2,000 viruses per cell) and 736 exposed through a photomask (top row and Supplementary Fig. 17b ) to 2.0 μmol m -2 s - 
